Human trifunctional protein catalyzes three steps in mitochondrial ,B-oxidation of fatty acids, including the long chain 3-hydroxyacyl-CoA dehydrogenase step. Deficiency of this heterocomplex, which contains 4a and 4.8 subunits, causes sudden unexplained infant death, a Reye-like syndrome, cardiomyopathy, or skeletal myopathy. We determined the molecular basis of this deficiency in a patient with neonatal presentation and later sudden death using reverse transcription and PCR amplification of his a subunit mRNA. We demonstrated a universal deletion of exon 3 (71 bp) in his mRNA. This deletion causes a frameshift and very early premature termination. Amplification of genomic DNA demonstrated that the patient was a compound heterozygote with two different mutations in the 5' donor splice site following exon 3: a paternally inherited G to A transversion at the invariant position + 1 and a maternally inherited A to G mutation at position +3. Both allelic mutations apparently cause exon 3 skipping, resulting in undetectable levels of a subunit protein, and complete loss of trifunctional protein. This is the initial molecular characterization of trifunctional protein deficiency. (J. Clin. Invest. 1995. 95
Introduction
Mitochondrial /-oxidation of fatty acids provides the primary source of energy in the heart and other high energy-requiring tissues. The /3-oxidation cycle degrades long chain fatty acylCoA substrates via four enzymatic activities to produce acetylCoA and a fatty acyl-CoA reduced in length by two carbons. However, because of the wide range of fatty acyl substrate lengths, multiple enzymes with different, but overlapping, substrate specificities catalyze each step. Over the past 15 yr, deficiencies in more than 15 human enzymes and proteins essential for mitochondrial fatty acid transport and /3-oxidation have been defined (1) , usually by measurements of accumulated abnormal metabolites and enzymatic assays. The defects are recessively inherited because all of these proteins are encoded by the nuclear genome. Clinical manifestations include a Reye-like syndrome, with hypoglycemia, fatty liver, coma, and frequently death; sudden, unexplained death, usually in the first 2 y of life; dilated or hypertrophic cardiomyopathy; or skeletal myopathy. Among the most common of these known defects is medium chain acyl-CoA dehydrogenase (MCAD)' deficiency, which we and others have delineated at the molecular level (2, 3) . MCAD is one of four dehydrogenases with overlapping substrate specificities that catalyze the first step of the ,8-oxidation spiral.
Deficiency of long chain 3-hydroxyacyl-CoA dehydrogenase (LCHAD) activity in patients with similar presentations was suggested by recent observations of 3-hydroxydicarboxylic aciduria (4) (5) (6) and subsequently documented by enzymatic assays (7, 8) . These biochemical studies suggest that LCHAD deficiency is a relatively common /-oxidation defect. More recently, deficiency of LCHAD in infants with unexplained sudden death has been associated with the occurrence of maternal acute fatty liver of pregnancy (AFLP) syndrome (9, 10) .
Elucidation of the molecular basis of LCHAD deficiency required the isolation and characterization of the enzyme (11, 12) . Surprisingly, LCHAD activity was discovered as part of a membrane-associated multienzyme complex, designated trifunctional protein.
The rat protein is a heterooctamer ( 12) consisting of 4a and 4/3 subunits. cDNA cloning and expression of rat subunits (13) proved that the a subunit has long chain enoyl-CoA hydratase and LCHAD activities, and the /3 subunit has long chain 3-ketoacyl-CoA thiolase activity. Enzymatic assays for these three activities in cells from LCHAD-deficient patients demonstrated two types of defects (14) . In most individuals, isolated LCHAD deficiency exists with relative preservation of long chain hydratase and thiolase activities. In one such patient, biosynthetic and immunoblotting studies documented normal rates of subunit synthesis with preservation of both subunits (antigen levels 60% of normal) (14) . In other patients, combined deficiency of all three activities is present (14, 15) , and immunoblot analysis revealed the virtual absence of both a and /3 subunits, presumably because the inability to form a stable complex allows their rapid degradation.
We After an episode of vomiting, he was hospitalized for observation. In spite of a documented normal blood glucose, the child remained restless, and several hours after admission, he was found dead. Autopsy was normal except for the heart, which had mild left ventricular dilatation, mild myocardial fibrosis, and some acute inflammatory cells consistent with myocarditis. Fatty infiltration of the liver, kidneys, or heart was not present. In postmortem urine (Fig. 1B) , lactic acid (164 mmol/mol creatinine as compared with normal age-matched controls of 21-38 mmol/mol creatinine), C6-C1O dicarboxylic acids (adipic acid of 16 mmol/mol creatinine compared with normal of 1-6 mmol/mol creatinine, octanedioic acid of 8 mmol/ mol creatinine with undetectable levels in normals, suberic acid of 9 mmol/mol creatinine with normal of 3-8 mmol/mol creatinine, and sebacic acid of 5 mmol/mol creatinine with normal of 3-8 mmol/mol creatinine), and C6-C14 3-hydroxydicarboxylic acids were mildly elevated. Cell lines, enzyme assays, DNA, and RNA isolation. Skin fibroblasts were obtained from the affected child. The cells were maintained in minimal essential medium supplemented with 10% FBS, 2 mM glutamine, and antibiotics. LCHAD, short chain L-3-hydroxyacyl-CoA dehydrogenase and short chain 3-ketoacyl-CoA thiolase activities were measured by the method of Venizelos et al. (16) . DNA from the patient's fibroblasts and parents' blood was isolated using an alkaline lysis and proteinase digestion (17) . RNA was isolated using the guanidine isothiocyanate method with an added DNase digestion to prevent DNA contamination (18) .
'Reverse transcriptase PCR ofcDNA and cDNA cloning. First-strand cDNA was synthesized using an oligo(dT) primer. The cDNA was then amplified according to the scheme in Fig. 2 . PCR was performed with annealing at 55°C for 30 s, extension at 72°C for 90 s, and denaturation at 94°C for 30 s and 25 cycles. Sense and antisense oligonucleotides indicated by the A and A' (Table I) , respectively, in the figure amplify the entire 2289-bp coding region and 374 bp of untranslated regions. The products of this first reaction were then reamplified with oligonucleotide pairs labeled B/B', C(/C', and D/D' (Fig. 2 ). All oligonucleotide sequences are given in Table I . Annealing for these reactions was also at 550C, but extension at 72°( was only for 30 s. This "nesting" of PCRs enhanced the yield of specific products. Most primers were de- Uppercase letters indicate nucleotides from the coding regions of a subunit mRNA. Lowercase letters are from the untranslated regions (oligonucleotides labeled A and A') or introns (in oligonucleotides C and for exons 2 and 3). Engineered restriction sites for subcloning are underlined.
signed with engineered restriction sites to facilitate cloning into the PGEM3Z plasmid vector for sequence determinations. For the 5' partial PCR product, an internal Sacd site 100 bp upstream of the primer oligonucleotide was used for digestions and subcloning. Sequence and single-stranded conformation variance analysis. Sequence analyses used the dideoxy chain termination method (19) . To verify that no coding region mutations were present in this patient, we also performed single-stranded conformation variance (SSCV) analysis (19) on DNA amplified from each of the 20 exons of the trifunctional protein a subunit, using appropriate conditions and oligonucleotides (19) . 2 RNA blot and protein immunoblot analyses. RNA and protein analyses were performed according to standard methods (3).
Population screening for splice site mutations by allele-specific oligonucleotide hybridization. We amplified genomic DNA by PCR from 35 unrelated individuals obtained from Centre pour l'Etude des Polymorphismes Humane pedigrees with intronic oligonucleotides encompassing exons 2 and 3 (Table I ). These DNA samples have been studied in detail for human genomic mapping and polymorphisms and are derived from French individuals. The product was then applied to a nylon membrane with a vacuum blotting device and probed with the normal and two mutant oligonucleotides using conditions previously de nested PCR in three shorter and overlapping fragments using the oligonucleotides depicted in Fig. 2 and listed in Table I . The 5' partial fragment derived from the oligonucleotides labeled B/B' (Fig. 2) is 1152 bp long in the normal cDNA (Fig. 3,  lane 2) .
After amplification of the 5' fragment with mRNA derived from the proband's fibroblasts, the major product was smaller Fig. 1, one Complete sequence analyses of both strands of subclones (data not shown) derived from the middle and 3' fragments of the cDNA were also performed. The nucleotide sequences were identical to our normal a subunit cDNA throughout the entire coding region. To discount the possibility of other mutations in this individual's a subunit, we also performed SSCV analysis of DNA amplified from each of the 20 exons of his genomic DNA. No additional conformational differences were detected (data not shown).
These results demonstrate that all of the detectable a subunit mRNA of this patient with trifunctional protein deficiency is abnormal. Based upon the observation that no PCR product or mRNA of appropriate size was found, we hypothesized that the patient had either (i) a small deletion(s) of the a subunit gene in the exon 2-3 region, (ii) a donor or acceptor splice site mutation(s) causing exon skipping, or (iii) both. These possibilities were investigated by characterization of the mutant a subunit gene and comparison with the normal gene we have recently isolated. 2 Definition of two splice site mutations. To identify possible splice site mutations, we amplified genomic DNA encompassing exons 2 and 3 from the proband using oligonucleotides (Table I) derived from sequences in the introns before exon 2 and after exon 3, but containing engineered restriction sites to allow subcloning. In the normal gene, exon 2 contains 42 bp (base pairs 68-109 of the cDNA), exon 3 contains 71 bp (nucleotides 110-180), and the intervening intron is only 98 bp in length.2 The amplified genomic DNA fragment of 360 bp was placed into a plasmid vector, and the complete nucleotide sequences of eight subclones were determined on both strands (Fig. 5) . The sequences of the exon 3-intron 3 junction for the normal (Fig. 5, top) A) at the first intronic base after exon 3 (Fig. 5, bottom left) . Similar analysis of parental genomic DNA (data not shown) revealed that the father is heterozygous for this mutant allele and has the normal sequence on his second allele. This change, designated mutation "intron 3-g+ la," occurs within the virtually absolute consensus dinucleotide essential for correct splicing (21 ) . This mutation is therefore consistent with the skipping of exon 3 (missplicing) observed in the proband's mRNA.
The second allele also differs from the normal exon 3 donor splice site sequence. This allele has an A to G substitution at the third intronic base (Fig. 5, bottom right) and is designated "intron 3-a+3g." Examination of maternal genomic DNA revealed this splice site mutation on one allele, with the normal sequence on her second allele (sequence data not shown). Although this position within the consensus donor splice site sequence (GTAAGT) is more variable than the highly conserved dinucleotide (21 ), we postulate that this second allelic mutation also causes missplicing. However, we also considered the possibility that this might represent a common polymorphism, which might allow normal splicing of exon 3.
Population screening for splice site mutations. To discount the possibility that the second mutation represented a common polymorphism, we examined DNA from 35 French individuals and the proband. The exon 2-3 regions of genomic DNA were amplified, and the fragments were blotted onto membranes and subjected to hybridization with oligonucleotides containing either the normal exon 3 splice donor sequence, the intron 3-g+la mutation, or the intron 3-a+3g mutation. Both of the mutant alleles discovered by sequence analysis were detected by this allele-specific oligonucleotide hybridization in the patient. No hybridization with his DNA and the normal oligonucleotide was observed. Genomic DNA fragments from all of the 35 unrelated individuals hybridized to the wild-type oligonucleotide, but not to either of the mutant oligonucleotides (data not shown). These results are consistent with the conclusion that the intron 3-a+3g change in the second allele of this patient is not present in the normal population and thus may cause the observed missplicing, with skipping of exon 3.
Discussion
Our results demonstrate that this child with fatal trifunctional protein deficiency is a compound heterozygote for two different mutations (intron 3-g+la and intron 3-a+3g) in the exon 3 donor splice site. Because neither splice site mutation occurs in the normal population, these base changes do not represent polymorphisms. More importantly, by RT-PCR of the patient's a subunit mRNA and RNA blot analysis, we documented that no detectable normal-sized subunit mRNA is present in his mutant fibroblasts and that his expressed a subunit mRNA is universally deleted for exon 3. Thus, we conclude that these donor splice site mutations result in incorrect precursor mRNA 2080 Brackett et al. splicing, with deletion of exon 3 or both exons 2 and 3, and production of stable mRNA species containing early premature stop codons. Naturally occurring mutations of the first intronic base of the splice site donor have been described with deficiency of many gene products, including, for example, lipoprotein lipase (22), phosphofructokinase (23) , and ornithine transcarbamylase (24) . Mutations at this site may cause use of cryptic splice sites (22) or skipping of the previous exon (23, 24) , as in the case reported here. Our patient has normal amounts of mRNA by Northern blot, suggesting that in spite of the exonic deletions and premature termination, some mutant mRNA species are stable. In vitro studies of splicing efficiency after systematic creation of mutations at this site demonstrate markedly reduced efficiency of splicing usually secondary to inhibition of the 3' cleavage and splicing step (25) at the downstream acceptor site. However, some mutations at the +1 site alter the cleavage site. Which of these two abnormalities occurs depends on the entire context at the exon-intron boundaries. Our results support a model (26) in which initial spliceosome assembly requires cooperative interactions ("pairwise recognition of splice sites") at both ends of an exon to form stable complexes and allow exon recognition. This exon scanning mechanism for splice site selection implies that the exon itself is part of the context required for recognition and that the length of the exon (< 300 bp) is important in determination of splicing.
Disease-causing mutations of the variable bases of the intronic donor splice consensus sequence have been reported previously (27-30). This is somewhat unexpected because the +3 site, for example, is highly variable, with A being the preferred base (59%), but with G frequently present (35%) (21) . Nonetheless, mutations in introns of /-spectrin at either the +3 or +4 site (27, 28) and in the pro-a2 (I) collagen gene at the +5 site (29) produce exon skipping, as in the patient reported here. Moreover, site-specific mutations at the +3 site (30) can abolish normal splicing in vitro. Thus, in this patient, the intron 3-a+3g mutation within the context of this particular splice donor site is sufficient to abolish normal splicing, with resultant exon 3 skipping. We conclude that our patient has misspliced a subunit mRNA, with universal exon 3 skipping, because of two different mutations on two different alleles occurring within the same splice donor site. To our knowledge, this has not previously been described.
The biochemical effect of the aberrant mRNAs produced in this patient by exon skipping is profound. Skipping of exon 3 (or both exons 2 and 3) produces mRNA with very early premature termination codons, as documented by RT-PCR of mutant mRNA. Peptides translated from these aberrant mRNAs would contain all or part of the transit or signal peptide required for translocation of the a subunit into mitochondria, but none of the normal 727 amino acids of the mature subunit would be generated. Thus, both the NH2-terminal enoyl-CoA hydratase and the COOH-terminal LCHAD activities would be absent.
The immunoblot result in this patient demonstrates loss of the / subunit as well. We propose that absence of all of the mature a subunit would alter the stability of the /8 subunit, perhaps by interfering with appropriate localization to the membrane in mitochondria. Alternatively, because the absence of any normal a subunit precludes heterooctamer formation and because the free / subunit undoubtedly has a conformation different from that of the normally multimerized /3 subunit, it is possible that free /3 subunit would be highly susceptible to proteolysis. Hashimoto and co-workers have studied the biosynthesis, processing, heteromeric complex formation, and stability of the a and /3 subunits of this patient and two others with complete loss of trifunctional protein antigen (Hashimoto, T., personal communication). Their results demonstrate that the mutations described here and three different missense mutations in the / subunit alleles of two other patients interfere with the formation and stability of the trifunctional protein complex and result in rapid degradation of both subunits in patients' fibroblasts. Similar effects of mutant subunits on the stability of normal subunits in heteromeric complexes, including electron transfer flavoprotein, have been noted (31 ) . Thus, the presence of early premature stop codons in the a subunit of this patient alters the interaction with the thiolase-containing 63 subunit, reducing the formation or stability of the trifunctional protein complex and thus resulting in loss of all three enzymatic activities.
The patient reported here presented with neonatal hypoglycemia and cardiomyopathy. We and others (3, 32) have documented that other,/-oxidation defects, especially MCAD deficiency, may also cause neonatal symptoms or death associated with hypoglycemia and fatty infiltration of the heart and liver. Our LCHAD-deficient patient later died suddenly and unexpectedly, a phenotype typical both of isolated LCHAD deficiency and of other defects in /3-oxidation. The similarity of symptoms of our patient and those previously reported with isolated LCHAD deficiency suggests that the LCHAD activity of trifunctional protein is most critical to the normal function of those tissues with high energy demands. Perhaps this is because more redundancy of the other two enzyme activities (enoylCoA hydratase and P-ketoacyl-CoA thiolase) exists, secondary to multiple gene products encoding various enzymes with these activities (8) . An important difference between this case and many autopsy studies of toddlers dying from /3-oxidation defects is that no significant microvesicular fatty infiltration of any organ was detected. The mild myocardial fibrosis and superimposed myocarditis suggest that an arrhythmia may have been responsible for death, although this is speculative.
In summary, our results demonstrate that two different mutations in the exon 3 donor splice site of the trifunctional protein a subunit gene cause exon skipping and creation of very early premature stop codons in the misspliced, but stable, mature mRNA. The resultant absence of a subunit allows rapid degradation of the normal /6 subunit and creates a deficiency of all three trifunctional protein enzyme activities. This is the initial delineation of the molecular basis of LCHAD and trifunctional protein deficiency.
